ABSTRACT. Agricultural research of plant-derived endophytic fungi has grown in recent decades. We isolated 26 endophytic fungi from the leaves, stems and fruits of "the tree of life", Camptotheca acuminata, and tested them for antimicrobial activities based on growth inhibition measurements in a modified agar diffusion method. Fermentation broths from most of the isolates exhibited antifungal activity and 50% exhibited antibacterial activity; some of them also exhibited strong broad-spectrum antimicrobial activity. The strongest antimicrobial activity was exhibited by strains XSY10 and XSY15 against Rhizoctonia solani and Fusarium oxysporum f. sp. vasinfectum, with 75% and 67% inhibition, respectively. Strain XSJ01 gave strong activity against pathogenic bacteria, with inhibition zones more than 20 mm in diameter. The isolates were identified by molecular methods as belonging to nine taxa: Nigrospora, Diaporthe, Alternaria, Colletotrichum, Pestalotiopsis, Sordariomycete, Guignardiai, Penicillium, and Zythia. Based on 2105 ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 9 (4): 2104-2112 (2010) Endophytic fungi of Camptotheca acuminata these results, we conclude that the endophytic fungi of C. acuminata are promising sources of novel bioactive compounds.
INTRODUCTION
The majority of all global agricultural production is lost each year due to various diseases and pests (Bajwa et al., 2003) . Among the losses, nearly 20% is the result of pathogenic fungal diseases (Agrios, 2000) . Chemical compounds are the major measure for avoiding loss of yield due to these fungi. No doubt, the use of chemicals has been effective in controlling these diseases, but there are some major problems. One problem is the tendency of pathogens to develop resistance to chemicals (Bajwa et al., 2003) ; another is the creation of a hazardous environment by these chemical fungicides, because of their non-biodegradable nature (Hayes and Laws, 1991) . These problems highlight the need to develop alternative methods for controlling plant diseases (Arnason et al., 1989) .
Endophytes are defined as fungi that colonize healthy plant tissue, and the host tissue infected is at least transiently symptomless. They are quite ubiquitous and have been found in all plant species examined to date (Arnold et al., 2000) . Endophytes not only can mediate interactions between host plants and herbivores and pathogens, but can also control food-web structure by disrupting the transfer of energy from plants to upper trophic levels (Omacini et al., 2001) . Hence, the endophytic fungi are expected to be a potential source of new natural bioactive products.
Camptotheca acuminata Decne. is one of the most valuable timber resources in southern China. In the last years, most research on it has been carried out in terms of some products of secondary metabolism. However, few studies have been conducted on the anti-phytopathogen activity of the endophytic community of this plant. The current study was conducted to isolate and screened for endophytic fungi with anti-phytopathogen activity from living symptomless tissues of leaves, stems and fruits of C. acuminata Decne., and also to assess the inhibitory activities of the endophytic fungi against the several important phytopathogens tested.
MATERIAL AND METHODS

Plant collection
The healthy leaves, stems and fruits of C. acuminata Decne. were collected at 2-month intervals from January to November 2007 from Anhui Agricultural University (31°86' N and 117°25' E), Anhui Province, China. The samples were processed within 24 h following collection.
Isolation, culture and identification
For the isolation of endophytic fungi, healthy plant tissues were washed in run-ning tap water and processed as follows: samples were surface-sterilized by immersing in 95% ethyl alcohol for 1 min, then soaked in sodium hypochlorite (5% available chlorine) for 3 min and again transferred to 95% ethyl alcohol for 30 s. Finally, the samples were rinsed three times in sterile distilled water and surface-dried with sterile filter paper. To confirm that the disinfection process was successful, aliquots of the sterile distilled water used in the final rinse were also plated onto the surface of potato dextrose agar (PDA) plates supplemented with streptomycin (30 μg/mL), and the plates were examined for growth after incubation at 25°C for 3 days.
After surface sterilization, the samples were cut into segments of approximately 3 mm 2 and placed on the surface of PDA plates supplemented with streptomycin (30 μg/mL). The plates were then incubated at 25°C with normal daily light and dark periods, and checked every other day for 15 days for the development of fungal colonies growing out from the segments. Fungi growing out from the tissue were subsequently transferred to PDA plates and, when found to be pure, on agar slopes without antibiotics.
The main endophytic fungi encountered were identified using molecular tools. Genomic DNA was extracted from ground mycelium (Lee et al., 1988) . Primers ITS5 5' TCCGT AGGTGAACCTGCGC 3' and ITS4 5' TCCTCCGCTTATTGATATGC 3' were used to amplify the 5.8S and flanking internal transcribed spacer (ITS) regions of the orphospecies. The DNA fragment was amplified and sequenced according to previously described methods (Guo et al., 2000) . The sequence data from this study have been submitted to GenBank under accession Nos. FJ643571-FJ643589.
Fermentation and treatment of the fermentation broth of endophytic fungi
The endophytic fungi were added to 50 mL potato dextrose broth in Erlenmeyer flasks and incubated at 25°C and 160 rpm with normal daily light and dark periods for 10 days. The mycelia of the endophytic fungi were separated by filtering with Whatman filter paper, so that the fermentation broth of each endophytic fungus was obtained and, finally, samples were dried in a freeze-drying system (FreeZone12, Labconco Ltd., USA).
Microorganisms used
The microorganisms tested were obtained from the School of Plant Protection, Anhui Agricultural University, Anhui Province, Southeast China.
Growth inhibition measurements
The antifungal activity of the fermentation broth was determined in a number of pathogenic fungi: Rhizoctonia solani, Gibberella fujikuroi, Pyricularia grisea, Gibberella zeae, and Fusarium oxysporum f. sp. vasinfectum. Prior to testing, indicator organisms were cultured in PDA medium at 27°C.
The freeze-dried fermentation broth of endophytic fungi was dissolved in sterilized water at a concentration of 1 mg/mL and the solution sterilized by filtration with 0.22-μm Millipore filters, and 0.2-mL samples were then poured on sterile Petri dishes containing 15 mL PDA, followed by adequate mixing. A negative control was prepared using 0.2 mL sterilized water. For the positive controls, 50 mg/L propiconazole and 5 mg/L benomyl were used for G. fujikuroi and F. oxysporum f. sp. vasinfectum, respectively, and 100 mg/L carbendazim was used for R. solani, P. grisea and G. zeae.
A 6-mm diameter plug of the actively growing mycelium of the pathogenic fungi was placed in the center of each plate. The plates were incubated at 27°C in the dark (3 plates per treatment). The diameters of the inhibition zones were measured by vernier caliper. According to the growth rate of each fungus, colony diameter data taken after 2 days (R. solani), 5 days (G. zeae, G. fujikuroi and F. oxysporum f. sp. vasinfectum), and 12 days (P. grisea) were used. The inhibitory activity of each treatment was carried out using the following formula, where DC = diameter of control and DT = diameter of fungal colony with treatment. The experiments were repeated twice and the data presented here are the averages of two experiments.
Modified agar diffusion method
The test organisms for the agar diffusion test were two bacteria, Pseudomonas solanacearum and Ralstonia solanacearum, and they were from diseased specimens of ginger and tobacco, respectively. Prior to testing, indicator organisms were cultured on nutrient agar medium at 37°C.
The freeze-dried fermentation broth of endophytic fungi was dissolved in sterilized water at a concentration of 100 mg/mL and sterilized by filtration with 0.22-μm Millipore filters. A modified agar diffusion method (NCCLS, 2003) was used to determine the antibacterial activity. A negative control was prepared using sterilized water, and nystatin (Nys, Amerisco) (10 μg/disc) was used as a positive reference standard. The plates were incubated at 37°C for 24 h for bacterial strains, the diameters of the inhibition zones were measured by vernier caliper. Each test was performed in three replicates and repeated twice.
RESULTS
Isolation of endophytic fungi
A total of 26 strains were obtained from the leaves, stems and fruits of C. acuminata Decne. Among them, 21 were isolated from leaves, 3 from stems and 2 from fruits. These endophytic fungi were identified by ITS sequence analysis and belonged to 9 taxa (Table 1) . 
Effects of the fermentation broth of endophytic fungi on in vitro growth of pathogenic fungi
In the present study, the fermentation broths of 26 endophytic fungi were screened for antifungal activities in 5 pathogenic fungi, and the results show that the antifungal activities of the isolates were significantly different. With R. solani, the inhibition rate of XSY10 was 74.97% and significantly higher than that of the fungicide carbendazim (100 mg/L), whereas the strains XSY01, XSY12, XSY18, and XSY19 showed no inhibitory effect ( Table 2) .
The effect of the 26 endophytic fungi on the growth of G. fujikuroi was lower compared to the effect on R. solani ( Table 2 ). The highest inhibition by XSG02 was only 43.62%, which was significantly different from that of the fungicide propiconazole (50 mg/L), used as a reference. Among the 26 endophytic fungi, the inhibition of most strains varied from 6.89 to 34.98%. The effect of the 26 endophytic fungi on the growth of P. grisea was similar to the effect on G. fujikuroi ( Table 2 ). The results show that none of the treatments equaled 100 mg/L carbendazim, which was used as the positive control. None of the freeze-dried fermentation broths of the 26 endophytic fungi was able to suppress growth by 50%, where the highest inhibition was only 39.63%.
Among the 26 endophytic fungi, the radial growth of G. zeae was reduced by 23 strains at 1 mg/mL ( Table 2 ). The highest inhibition by XSY03 was 47.10%, which was higher than that of the fungicide carbendazim (100 mg/L). The freeze-dried fermentation broth of 23 endophytic fungi at 1 mg/mL showed antifungal activity against F. oxysporum f. sp. vasinfectum (Table 2 ). XSY15 showed higher growth inhibitory effects, where the freezedried fermentation broth at 1 mg/mL caused 67.0% inhibition, compared to 61.85% for 5 mg/L benomyl, used as the positive control. a Each value is the mean of the 6 determinations from two experiments (N = 6). Statistical analysis of the data was performed with the JMP software (DPS, 2000) using the Duncan HSD test for determining significant difference between treatments at the P = 0.05 level of significance.
b Propiconazole (10 μg/disc), benomyl (5 μg/disc), carbendazim (20 μg/disc).
The antibacterial activities of the fermentation broth of endophytic fungi
The antibacterial activities of the 26 isolates were detected in two bacteria. Half did not display any antibacterial activity against the two bacteria, while 34.6% showed activity against one pathogen and only 15.4% against two (Table 3 ). The inhibition zones ranged from 9 to 24 mm, where the majority of inhibition zones of the isolates against the two pathogens were 10-14 mm. Only the XSJ01 isolate exhibited strong antibacterial activity with more than a 20-mm inhibition zone diameter.
DISCUSSION
Endophytic fungi have been recognized as a repository of novel secondary metabolites, some of which have beneficial biological activities (Bills and Polishook, 1991; Strobel and Daisy, 2003) . The results of the present study agree with these earlier findings. The results show that the fermentation broth of endophytic fungi of C. acuminata Decne. has broadspectrum antimicrobial activities against the mycelial growth of commercially important phytofungi and phytobacteria.
The endophytic fungi were identified and found to belong to 9 taxa (Table 1) , including the most commonly isolated endophytic genera such as Colletotrichum, Alternaria and Pestalotiopsis, of which most are known to produce various bioactive products (Lu et al., 2000; Li et al., 2001; Xiang et al., 2003) . In contrast, some were rare endophytic genera such as Guignardia and Zythia, and these may be of potential practical value. Among the isolates, Diaporthe was the dominant genus with about 26.9% isolates belonging to it. Moreover, it was noted that different isolates in this genus exhibited different strengths of antimicrobial activities. The diversity of these isolates and of their active metabolites is worth further research.
Antifungal activities of plant endophytic fungi have been reported by a few groups (Fisher et al., 1984; Huang et al., 2001; Liu et al., 2001; Park et al., 2003) . In the present study, the fermentation broths of 26 endophytic fungi were screened for antifungal activities in 5 pathogenic fungi, as an indication of their capability to produce secondary metabolites of potential therapeutic interest. Different isolates exhibited different antifungal spectra (Table  2) . Among the 26 isolates, 7.7% displayed antifungal activity against only two pathogens, 3.8% against three pathogens, 57.7% against four, and 30.8% against five. Moreover, the results show that a few isolates exhibited strong antifungal activity with growth inhibition rate ranging from 39.63 to 74.97%: XSY10 against R. solani and P. grisea, XSG02 against G. fujikuroi, XSY03 against G. zeae, and XSY15 against F. oxysporum f. sp. vasinfectum. The results indicate that the four isolates XSY10, XSY15, XSG02, and XSY03, of four different genera, exhibited different strengths of antifungal activity. They could be another potential source of bioactive antifungal agents, and their active metabolites are worth further research. Moreover, it is interesting to note that only the XSJ01 isolate exhibited strong antibacterial activity with a more than 20-mm inhibition zone diameter. The XSJ01 strain was found to belong to Penicillium, which is known to produce various bioactive products, and that may account for the inhibitory effects of XSJ01 on two bacteria. Our observations suggest that endophytic fungi of Camptotheca acuminata Decne. may have antimicrobial potential. The role of these endophytes is still unknown. Benefits to the host plant such as antagonism toward pathogenic fungi or decreased susceptibility to phytophagous insects could be speculated. Investigation of the interaction between Camptotheca acuminata Decne. and endophytic fungi would be the next direction for future research.
